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Interplay of superfiuidity and phase separation in adsorbed films
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We note that when the line of superfluid transitions intersects a line of phase separation near the criti-
cal point of the latter, one should expect the simultaneous occurrence of both high- and low-density
superfluids. The signals from a third-sound experiment depend distinctively upon the density, there be-
ing seven different regions of characteristic response, which facilitates the identification of such a possi-
bility. This scenario may provide an explanation for recent observations on helium adsorbed on hydro-
gen, in which case the critical point would be that of a layer transition. We also describe the interesting
progression which would be observed in the temperature —chemical potential plane as the superfluid line
approaches such a point. This progression might be observable in microbalance experiments on the ap-
proach of the superfluid transition to the prewetting critical point.

There has been renewed interest recently in
superAuidity in thin helium films. This has been due
principally to the verification' of the suggestion by
Cheng et al. ' that helium will not wet the weak-binding
substrates of alkali metals at very low temperatures. The
implication is that, at liquid-gas coexistence, the helium
does not form the usual thick Rollins film on the sub-
strate, but only one of microscopic thickness. Further-
more, because the substrate is so weak, the film can be en-
tirely in the liquid state in contrast to stronger binding
substrates in which the first layer is invariably solid.

At some temperature below the three-dimensional
liquid-gas critical temperature, the helium undergoes a
first-order wetting transition at which the thickness
jumps discontinuously from a microscopic to a macro-
scopic value, the latter being the thickness of the Rollins
film. In all the experiments cited above, the wetting
temperature is below the bulk superAuid transition tem-
perature. The discontinuity in thickness extends off of
coexistence where it manifests itself as a jump from thin
to thick films. The locus of such discontinuities is called
the prewetting line. It ends at the prewetting critical
point, a two-dimensional Ising critical point at which the
jurnp in thickness goes to zero. The thick film becomes
superAuid at the Kosterlitz-Thouless transition tempera-
ture, ' TKT(p), which depends upon the pressure or
chemical potential. At this temperature, the areal densi-

ty of superAuid, n„ is discontinuous, with its value at a
temperature infinitesimally below the transition given
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point I see Fig. 1(a)]. Thus, in these experiments, the
thick film can be superAuid while the thin film cannot.
The strength of the substrate can be increased by decreas-
ing the thickness of the cesium film, and with this change
the prewetting line becomes more parallel to the bulk
coexistence curve and the wetting temperature decreases.
It appears to vanish (occur at T=O) when the number of
cesium layers is three or less. A similar increase in sub-
strate strength and decease in wetting temperature can be
brought about by employing a series of uniform, as op-
posed to plated, substrates of increasing adsorption
strength, such as the sequence Cs, Rb, K, Na, Li, H2, Mg
considered by Cheng et al. ' Because the increase in
substrate strength decreases the wetting temperature at
one end of the prewetting line, it is reasonable to expect
that it also decreases the prewetting critical point at the
other. This expectation is supported by calculation. ' As
a result, one can envision a scenario in which, by varying
the substrate strength, the prewetting critical point
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Taborek and Rutledge' have recently carried out a
series of measurements on helium adsorbed on a strong-
binding gold substrate which was plated with several lay-
ers of weak-binding cesium. For a given cesium thick-
ness, they follow the line of superAuid transitions as a
function of pressure until this critical line terminates on
the prewetting line at a two-dimensional critical end

FIG. 1. Sequence of schematic phase diagrams in the chemi-
cal potential —temperature plane as the substrate potential is

made stronger in going from (a) to (fl. The line of superfluid
transitions is shown solid, while the coexistence line is shown
dashed. The critical point is shown as a dot.
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FIG. 2. Schematic phase diagram in the density-temperature

plane showing a region of two-phase coexistence and a line of
superAuid transitions which enters and exits the former at tem-

peratures TI and T2, respectively. The critical temperature is

T, . The normal and superAuid phases are labeled N and SF.

passes from occurring above the superAuid transition line
to occurring below it. It is this kind of scenario which we
consider here. Our comments are not restricted to this
particular scenario, but also apply to the interplay be-
tween the superAuid transition and other phase separa-
tions, such as layer transitions in thin films.

The points that we wish to make can be most easily il-
lustrated in reference to Fig. 2. There we have shown
schematically a phase separation in the temperature,
areal-density plane, and the locus of superAuid transi-
tions. We have chosen a case in which the critical point
of the phase separation occurs just a little below the
superAuid transition temperature at the critical density.
If the superAuid density at the Kosterlitz-Thouless transi-
tion temperature n, [ TK&(n), n) were a constant fraction
of the total areal density n, then the locus of superAuid
transitions would be a straight line in the T-n plane ac-
cording to Eq. (I). However, as long as n, ( TKr(n), n ) is
a smooth function of n, the form of the superAuid transi-
tion line will be similar to what we have shown, and our
arguments are unaffected. '

Due to the fact that the coexistence curve has zero
slope at the critical point, the superAuid transition line
can intersect the low-density side of the coexistence
curve, and will certainly do so if the temperature of the
critical point, T„ is su%ciently close to the Kosterlitz-
Thouless transition temperature, TKr(n, ), at the critical
density n, . Thus there are tea coexisting superAuids in

the temperature interval T, ~ T~ T„coexisting normal
fluid and superAuid in the interval T& ~ T ~ T2, and again
two coexisting superfluids below T2. (Note that the latter
region of two-superAuid coexistence can exist even if
TK~ (T„while the former region cannot. ) These vari-

ous regions of coexistence have interesting, and distinct,
signatures observable in experiments capable of detecting
both superAuids simultaneously, such as those measuring
third sound. The signatures from paths of constant den-

sity would depend upon the particular density interval
sampled. Denoting the high- and low-density sides of the
coexistence curve by n+(T) and n (T) respectively, we

can identify seven of them, as follows:

(I) n )n+ (0). There is only one superfluid, and the on-
set of superfluidity is at TK~(n)

(II) n+(0) &n )n+(T2). The onset is at TKr(n). At
lower temperatures, the phase boundary is encountered
which gives rise to a change of slope in a plot of third-
sound velocity vs temperature. At the same temperature
at which this change of slope is encountered, a second
third-sound signal appears corresponding to a less dense
super Auid.

(III) n+(T2)) n )n+(T, ). The onset is at Txr(n). At
lower temperatures, the phase boundary is encountered
which gives rise to a change of slope in a plot of third-
sound velocity vs temperature. A second third-sound sig-
nal appears at the lower temperature T2, one which cor-
responds to a lower density superAuid.

(IV) n+(T, ))n )n(T, ). The onset is a T~r(n). At a
lower temperature, the phase boundary is encountered,
evident in a change of slope of third sound velocity vs
temperature. At the same temperature, a second third-
sound signal appears, corresponding to a less dense
superAuid. This signal disappears at T, . It reappears at
the lower temperature T2.

(V) n(T, ) & n & n (T&). The onset is at Tzz(n). At a
lower temperature, the phase boundary is encountered,
evident in a change of slope of third-sound velocity vs
temperature. At the same temperature, a second third-
sound signal appears, one which now corresponds to a
more dense superAuid. The original signal of the less
dense superAuid vanishes at T„ leaving only the signal
from the more dense superAuid. At T2, the signal from
the less dense superAuid reappears.

(VI) n (T, ) &n ) n (Tz). The onset is no longer at
TKr(n), but occurs at the higher temperature at which
the phase boundary is encountered. One signal appears
there. Experimental plots of TK~ vs n, should show a
break from the straight line behavior of Eq. (I) in this re-
gion. At Tz, a second signal, corresponding to a low-
density superAuid, occurs.

(VII) n (T2)) n ) n (0). The onset is again at
TKr(n, ) At a lower . temperature, the phase boundary is
encountered at which a second signal appears corre-
sponding to a higher density superAuid.

It should be noted that we have illustrated a case in
which n (0), the smaller of the two coexisting densities
at zero temperature, is greater than zero. In a case in
which it were zero, T2 would vanish, and regions II and
VII would not exist.

Two distinct third-sound signals have been reported re-
cently' in systems of helium adsorbed on hydrogen and
deuterium at coverages slightly in excess of one mono-
layer. The onset of the second signal appears to be corre-
lated with a break in slope of the first signal, as in several
of the above scenarios. It is possible that the signals arise
from the interplay of the superAuid transition and a
phase separation (layer transition) between one and two
adsorbed layers. The interpretation of the results are
made dificult due to the nonmonotonic relation between
third-sound velocities and density. ' '

To conclude, we return to the question of the sequence
of signals which should be observable as the critical tem-
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perature of phase separation, such as the prewetting criti-
cal point, is caused to pass through the super Quid
transition line by varying an external parameter such
as the substrate composition. We show in Fig. 1 the
behaviors of the two transitions plotted in the
temperature —chemical potential plane. When the line of
superAuid transitions is caused to pass through the criti-
cal point of phase separation, it will approach that point
along the direction of the ternperaturelike variable and
therefore will appear to be an extension of the coexistence
line. This is shown in Fig. 1(c). When the superfluid
transition line passes above the prewetting critical point,
the former curves around the latter and intersects the
coexistence line as shown in Fig. 1(d). Superfluidity will
also appear at lower temperature at some point. It is a
phase diagram like this one which is shown in the
temperature-density plane in Fig. 2. Finally, as the
prewetting critical point becomes further removed from
the superAuid transition line, the gap between T& and T2
of Fig. 2 disappears, and the superAuid transition line be-
comes unbroken [Figs. 1(e) and 1(f)]. The nature of the
special multicritical point which occurs when the
superAuid transition, in the universality class of the two-
dimensional x-y model, intersects the phase separation

critical point, in the universality class of the two-
dimensional Ising model, is not clear. Because the Ising
critical point and x-y transition lines exist for values of
substrate potentials both stronger and weaker than the
critical value at which the multicritical point occurs, it is
tempting to believe that the two critical points are simply
uncoupled from one another. More complicated
scenarios are certainly possible, however. ' '

It would be very interesting to carry out experiments
using both third-sound and microbalance techniques on
either the cesium-plated gold or hydrogen substrates in
order to monitor the interplay between superAuid and
phase separation transitions. In the scenario that we
have described, either set of signals is quite distinctive,
taken together they should be able to determine clearly
whether the coexistence of superAuid Alms we have de-
scribed does indeed occur.
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